We demonstrate compaction of DNA with nanoscale biomimetic constructs which are robust synthetic analogs of globular proteins. These constructs arẽ 15 nm in diameter, shell crosslinked knedel-like (SCKs) nanoparticles, which are prepared by covalent stabilization of amphiphilic di-block co-polymer micelles, self-assembled in an aqueous solution. This synthetic approach yields size-controlled nanoparticles of persistent shape and containing positively charged functional groups at and near the particle surface. Such properties allow SCKs to bind with DNA through electrostatic interactions and facilitate reduction of the DNA hydrodynamic diameter through reversible compaction. Compaction of DNA by SCKs was evident in dynamic light scattering experiments and was directly observed by in situ atomic force microscopy. Moreover, enzymatic digestion of the DNA plasmid (pBR322, 4361 bp) by EcoRI was inhibited at low SCK:DNA ratios and prevented when ≤ ≤ ≤ ≤60 DNA bp were bound per SCK.
INTRODUCTION
Biomimicry (1,2), which relies upon guidance from biology and biotechnology in the design of novel synthetic or natural materials, is emerging as an effective strategy in diminishing the size of devices while maintaining their complex functionality. Since the size of many functional biological structures falls in the 10-100 nm range, it is appropriate to seek methods for preparation of functional analogs within the newly developing field of nanotechnology. Herein, we present a novel approach for mimicking the basic features of globular proteins, such as their overall size, shape and surface charge. This approach relies on self-assembly of amphiphilic synthetic di-block copolymers into globular core-shell nanostructures, followed by stabilization via covalent crosslinking. Since crosslinking occurs selectively within the shell of assembled polymer micelles, these novel constructs are referred to as shell crosslinked knedel-like (SCK) nanospheres. (Knedel is a polish term for dumplings, having a spherical shape and core-shell morphology. For synthetic nanomaterials of similar morphology see 3.) Owing to their amphiphilic core-shell morphology, SCKs belong to the same category as globular amphiphilic biological nanostructures such as lipoproteins, viruses, globular proteins, etc., in broad physicochemical terms. These synthetic constructs could prove to be important for biomedical applications, particularly those involving gene delivery and expression.
Handling of long DNA chains within the limited space available in cells is facilitated by various compaction mechanisms (4) (5) (6) . Several synthetic systems, including liposomes (7-9), linear polymers (10,11), cationic lipid-peptoid conjugates (12) , polymer micelles (13, 14) , dendrimers (15) and organic nanoparticles (16) (17) (18) have been shown to bind DNA and provide protection against enzymatic digestion. The non-particulate nature of liposomes and linear polymers apparently results in the complexation of DNA through non-specific electrostatic interactions leading to a heterogeneous binding character (8, 9, 11) . Polymer micelles typically exist with diameters of 10-100 nm and they possess a core-shell morphology that can contain cationic surface charges, however, the micellar organization is a self-assembled structure that can be easily deformed or destroyed during complexation with DNA due to the absence of covalent stabilization. Other known globular macromolecular entities, such as dendrimers, are covalently bound macromolecules, but they are not readily synthesized to 10 nm diameters (19, 20) . Previously studied organic nanoparticles were typically >>50 nm with broad size distributions. Herein, we report the interaction of DNA with stable, synthetic SCKs (shown schematically in Fig. 1 ) of~15 nm diameter (3), which is intermediate between the sizes available for dendrimers and organic nanoparticles. We also illustrate the effect of compaction on the accessibility of DNA toward the action of digestive enzymes and show evidence of DNA release from the DNA/nanoparticle complexes.
MATERIALS AND METHODS

Materials
DNA plasmid pBR322, EcoRI, MspI, NEBuffer 1, NEBuffer 2, pBR322 DNA MspI digest and Lambda DNA BstEII digest were purchased from New England BioLabs (Beverly, MA) and used as received. Tris base (Sigma), sodium acetate (Sigma), EDTA dihydrate (Sigma) and agarose (Fisher) were used as received. The experimental details for the preparation of the SCK nanospheres are described elsewhere (21) . The SCK composition consisted of a polystyrene (PS) core encapsulated within a layer of poly(4-vinyl pyridine) (PVP) that had been quaternized with 4-chloromethylstyrene to provide crosslinking throughout the shell layer. The ratio PS:PVP was 1:2, with 46% of the pyridyl nitrogens quaternized by reaction with 4-chloromethylstyrene (21) .
General procedure for the cleavage of pBR322 with EcoRI in the presence of SCK
Complexes A-C were prepared by mixing 1 µl pBR322 (1 µg/ µl), 1, 3 or 5 µl SCKs (8 × 10 -6 M) and 1 µl HEPES (1 M). Total volumes were raised to 10 µl with doubly distilled water if the restriction enzyme was not added. If restriction enzyme was to be added, the total volume was raised to 8.8 µl with doubly distilled water and 1 µl 10× NEBuffer 1 and 0.2 µl EcoRI (20 000 U/ml) were added. The samples were incubated at 37°C for 3 h, vacuum centrifuged for~5 min and 6 µl of 2× gel loading buffer were added. Samples were analyzed by electrophoresis at 55-65 V for 2-2.5 h with a 1% agarose gel in 1× acetate buffer. DNA was visualized with ethidium bromide (1 µg/ml of gel).
General procedure for timed digestion experiments
Complexes A-C were prepared at four times the volume by mixing 4 µl pBR322 (1 µg/µl) with 4, 12 or 20 µl SCKs (8 × 10 -6 M). Total volumes were raised to 35.2 µl with doubly distilled water. An aliquot of 4 µl of 10× NEBuffer 1 was added to each sample, followed by addition of 0.8 µl EcoRI (20 000 U/ml). The samples were incubated at 37°C with aliquots removed at the specified intervals. After removal of the last aliquot, 6 µl of 2× loading buffer were added to each sample. Samples were analyzed by electrophoresis at 55-65 V for 2-2.5 h with a 1% agarose gel in 1× acetate buffer. DNA was visualized with ethidium bromide (1 µg/ml of gel). Controls were run on the same gel under the same conditions. Spot densitometry of the DNA on the gel was made using the NIH shareware tnimage (http://las1.ninds.nih.gov/ pub/unix/ ).
General procedure for the cleavage of pBR322 with MspI in the presence of SCK Formation of complex A has been described. Complex D was prepared by mixing 1 µl pBR322 (1 µg/µl), 0.5 µl SCK (8 × 10 -6 M) and 1 µl HEPES (1 M). Total volumes were raised to 10 µl with doubly distilled water if the restriction enzyme was not added. If restriction enzyme was to be added, 1 µl of 10× NEBuffer 2 was added to each sample, followed by addition of 0.8 µl MspI (20 000 U/ml). The samples were incubated at 37°C for 3 h, vacuum centrifuged for~5 min and 6 µl of 2× gel loading buffer were added. Marker solutions consisted of 1.5 µl of marker and 6 µl of 2× gel loading buffer. Samples were analyzed by electrophoresis at 55-65 V for 2-2.5 h with a 1% agarose gel in 1× acetate buffer. DNA was visualized with ethidium bromide (1 µg/ml of gel).
Measurement of melting curve of DNA and SCK/DNA complexes
Melting transitions were measured upon aqueous solutions of DNA and an SCK/DNA complex with a molar ratio of 80:1. DNA melting curves were obtained in a Cary 1e at 260 nm with a heating rate of 5°C/15 min (the temperature was raised 5°C and allowed to equilibrate for 15 min) from 50 to 90°C.
Atomic force microscopy (AFM) of SCK/DNA complexes
All AFM observations were carried out with the aid of a Nanoscope III-M system (Digital Instruments, Santa Barbara, CA) equipped with a vertical engage J-scanner. The imaging conditions were as follows: TESP tapping mode silicon cantilevers (nominal spring constant 50 N/m, typical resonance frequency in the range 250-300 kHz); cantilever oscillation amplitude 0.5 V (non-calibrated signal); set-point corresponding to 95% of free oscillation amplitude; scan frequency 3 Hz; integral gain 0.7, proportional gain 5.0 (instrument settings in arbitrary units).
The sample was prepared by placing a 2 µl drop of solution containing DNA (10 µg/ml, 4.6 kb circular luciferase expression vector) and SCKs in 10 mM HEPES, 2 mM MgCl 2 , pH 7.6, on a surface of freshly cleaved mica (New York Mica Company, New York, NY); after~5 s, necessary for binding of the DNA and SCKs to the mica, the excess solution was washed away with 200 µl of ultrapure water and the surface was dried under a stream of nitrogen.
Tapping mode imaging under buffer was performed using a standard contact mode fluid cell and 100 µm, wide legged, silicon nitride cantilevers (nominal spring constant 0.58 N/m). The cantilever was oscillated by applying a sinusoidal voltage across the Z-direction of the scanner (22) , which required minor modification of the controller electronics, performed according to the manufacturer's instructions. Best results were obtained when the cantilever was driven at a frequency range corresponding to the broad maximum of cantilever oscillation amplitude centered around 8-9 kHz (23-25). Imaging conditions were as follows: cantilever oscillation amplitude signal (uncalibrated) 0.5-1.0 V; set-point corresponding to above 90% of free oscillation amplitude; integral and proportional gains 0.3 and 2.0 (instrument settings in arbitrary units); scan frequency 1-4 Hz. Samples for imaging under liquid were prepared in a 10 mM HEPES, 1.5 mM ZnCl 2 , pH 7.6, buffer. A 30-40 µl drop of SCK-DNA solution was placed directly on the working surface of a fluid cell, which was then positioned on the scanner. Imaging was carried out after several minutes, which was necessary for equilibration of the solution in contact with the mica.
Dynamic light scattering (DLS) of SCK/DNA complexes
The
Scattered light was collected at a fixed angle of 90°. The digital correlator was operated with 200 channels, a dual sampling time of 100 ns, a 5 µs ratio channel spacing and a duration of 5 min. A photomultiplier aperture of 200 µm was used and the incident laser intensity was adjusted to obtain a photon counting rate of 83 000 c.p.s. Only measurements in which measured and calculated baselines of the intensity autocorrelation function agreed to within 0.1% were used to calculate particle size. The calculation of particle size distribution and distribution averages was performed with the ISDA software package (Brookhaven Instruments Co., Holtsville, NY) which employed single exponential fitting, cumulants analysis and non-negatively constrained least squares particle size distribution analysis routines (26) .
RESULTS AND DISCUSSION
SCKs, which are essentially stabilized polymer micelles, are constructed by a combination of covalent and non-covalent interactions to readily build up spherical polymer nanoparticles of the appropriate size and chemical composition for interaction with DNA. The SCKs are prepared in a three-step process, including: (i) the synthesis of a linear amphiphilic block copolymer; (ii) self-assembly into spherical micelles in aqueous solution; (iii) stabilization by intramicellar crosslinking of functionalities located within the shell domain. The SCKs used in this study consisted of hydrophobic PS cores and hydrophilic, crosslinked p-chloromethylstyrene-quaternized PVP shells (21) . SCKs prepared from polymer chains of 20 700 Da molecular weight and a ratio of PS:PVP repeat units of 1:2 have a solid-state diameter of 9 ± 3 nm and a hydrodynamic diameter of 16 ± 2 nm, determined by AFM and DLS, respectively. The positive charges, an average of 500 per SCK, are located throughout the several nanometer thick shell, so that all cations are not expected to be accessible for strong interaction with the DNA phosphate ester anions.
The aggregation of DNA with SCKs was studied by a combination of AFM (27, 28) , DLS and enzymatic digestion experiments. Initial evidence of adhesive interaction between SCKs and plasmid DNA was obtained from AFM observations of dehydrated samples adsorbed on mica, which revealed the presence of bulky aggregates of the SCKs with partially exposed segments of unbound DNA (Fig. 2) . These aggregates markedly differed from aggregates of SCKs on mica in the absence of DNA. Typical morphologies of aggregates of free SCKs, depending on concentration of starting solution, ranged from scattered single particles (26) through monolayer patches (3) to uniform films (data not shown). It is important to note that SCKs in complexes with DNA maintained their original size and shape. However, the supercoiled form of the DNA appears to have been perturbed in some regions. Further confirmation of the supercoiling perturbation of plasmid complexed with SCKs was obtained from the UV/vis spectroscopic studies of DNA melting; thermal denaturation of the plasmid alone occurred at 75°C, whereas the melting temperature of the DNA was lowered to 70°C in Complex B.
Further insights into the mechanism of compaction were obtained from in situ AFM experiments carried out under solution with increasing ratios of SCK:DNA plasmid (pBR322, 4361 bp). As illustrated in Figure 3A , at a SCK:DNA molar ratio of 20:1 (as in Complex A) the majority of DNA was still in the unbound supercoiled state. This can be understood by bearing in mind that despite the large molar excess of SCKs at this stoichiometry, the charge ratio between SCK and DNA plasmid just reaches the value of 1:1. (The ratio of charges is determined from the p-chloromethylstyrene quaternization extent of the PVP SCK shell material, which gives cationic sites, and assuming two negative charges per base pair.) At higher SCK:DNA molar ratios, more compact complexes, such as those shown in Figure 3B (globular aggregate with some DNA loops still visible outside) and in Figure 3C (globular complex with no DNA visible) were observed.
DLS measurements (29) confirmed that the SCK/DNA aggregates formed while in solution and provided for The hydrodynamic diameter distribution of the DNA used to prepare SCK/DNA complexes was also characterized by DLS. Unlike the SCK component of the complexes, the diameter distribution of the DNA component was extremely broad. The broad size range of DNA molecules apparent in the DLS results is consistent with the heterogeneity found in electrophoresis gels of the DNA; the plasmid and its cleaved forms are observed and each is expected to adopt many conformations that are non-spherical and that can lead to a continuous size distribution rather than discrete entities. Diameters ranged from 15 to >3000 nm, with a calculated intensity-weighted mean diameter of 562 nm. In contrast, diameters of all the SCK/DNA complexes were <300 nm (Table 1 ) and of lower size dispersity.
The accessibility of the DNA within the SCK/DNA complexes was evaluated by enzyme digestion experiments, using a restriction endonuclease, EcoRI, and was found to be dependent on the extent of aggregation. As illustrated in Figure 4 , the DNA/SCK complexes are destroyed during gel electrophoresis (lanes 2-4) and unbound DNA is observed, which provides a method for analysis of DNA cleavage under the action of enzymes. It is important to note that this release of the DNA, which is a prerequisite for gene therapy applications, is unique to SCKs. Each of the previously studied systems listed above have shown binding to DNA, but no apparent release of the DNA, observed as reduced DNA mobility upon gel electrophoresis. Upon incubation in the presence of EcoRI for 3 h at 37°C, the unbound DNA and the loosely bound DNA/SCK complex (Complex A) allowed for complete cleavage of the supercoiled plasmid to an open linear form (lanes 5 and 6, respectively), whereas Complexes B and C offered protection to the DNA (lanes 7 and 8, respectively) .
Timed digestion experiments revealed that while all SCK/ DNA complexes inhibited DNA cleavage, inhibition time increased with an increase in the molar ratio of SCK:DNA. Table 1 ); (B) a globular aggregate with loops of DNA still visible (8 nM SCK, 0.1 nM DNA); (C) large SCK/DNA aggregate with no identifiable DNA (8 nM SCK, 0.1 nM DNA). The presence of Zn 2+ in the buffer used for in situ imaging was necessary to facilitate attachment of DNA/SCK complexes to mica (32) . In control experiments with DNA alone, in which weaker binding Mg 2+ was used, DNA was observed to change position on the surface from scan to scan. Under similar conditions, complexes of SCKs with DNA were bound to the surface more weakly than DNA alone and their bulky character made them more susceptible to displacement by the AFM tip. Digestion was entirely prevented at the SCK:DNA molar ratio of 70:1 (60 bp per SCK). Representative gels for the digestion experiments with low and high SCK content are shown in Figure 5 . For Complex A, the disappearance of the supercoiled DNA plasmid corresponds to the appearance of the cleaved DNA (Fig. 5A) . In contrast, for Complex C (Fig. 5B) , disappearance of supercoiled DNA does not lead to an increase in the amount of cleaved DNA, instead, at longer incubation times extensive aggregation of residual material in the well is observed.
Further evidence for protection of SCK-compacted DNA was obtained with MspI, a restriction endonuclease that cleaves pBR322 at 26 sites. At SCK:DNA ratios that provide for inhibition but still allow for partial DNA digestion, the lengths of the majority of DNA cleavage products were slightly larger than 702, 1371 and~3675 bp (Fig. 6, lane 6) , whereas unprotected DNA was cleaved into lengths of ≤622 bp (Fig. 6, lane 5) . The increased lengths of the degradation products is expected to result from interaction of the DNA with the SCKs, thus limiting the number of sites that are accessible to the enzyme, and is perhaps an indication of a selective binding mode.
We have demonstrated that synthetic functional nanostructures that are designed to exhibit just the basic physicochemical attributes (size, shape persistence and surface charge) of proteins involved in DNA compaction can effectively compact DNA and protect it from enzymatic digestion. Importantly, these novel constructs maintain their size and shape upon complexation and they are also capable of releasing the DNA, in analogy with biological systems. The observed protection of SCK-compacted DNA can be explained as an effect of enclosure of DNA within the bulk of aggregates. Experiments with short, linear DNA fragments are expected to reveal whether SCKs are capable of binding and protecting DNA by a mechanism that involves selective binding at a single particle level, which would make them even closer mimics of DNA compacting proteins such as histones. SCKs show promise as synthetic nanoparticulate compacting agents for control of DNA accessibility and may find applications in gene transfection and expression. They offer the additional unique advantages of a well-defined structure and modifiable surface chemistry (3) to target site-specific delivery routes.
